A comprehensive analysis of initial thymus size and involution rate has not been quantitated for different genetic backgrounds of mice, thus genetic linkage analysis of thymic involution has not been possible. Here, we have used a mathematical method to analyze the age-related decline in thymocyte count in C57BL/6 and DBA/2 mice and have observed that thymic involution could be best fit with a negative exponential curve N(t) ¼ b 0 Â exp(Àb 1 t), where t represents the age (day). This regression model was applied to C57BL/6 Â DBA/2 (B Â D) recombinant inbred strains of mice to identify the genetic loci influencing agerelated thymic involution. There was a dramatic genetic effect of B and D alleles on thymocyte count at young age and the agerelated thymic involution rate. The strongest quantitative trait loci (QTL) influencing the rate of thymic involution were mapped to mouse chromosome (Chr) 9 (D9Mit20 at 62 cM) and Chr 10 (D10Mit61 at 32 cM). The strongest QTLs influencing the initial thymocyte count were mapped to ChrX (DXMit324 at 26.5 cM) and Chr 3 (D3Mit127 at 70.3 cM). The present study suggests that the initial thymus size and the rate of thymic involution may be influenced by a relatively small number of genetic loci.
Introduction
The shrinkage of thymus was reported more than 70 years ago by Boyd, 1 and has long been considered as one of the most substantial and ubiquitous age-associated changes in the immune system of humans as well as most other mammals. However, the underlying mechanisms are not well understood at present. The genetic basis of age-related thymic involution has been explored using knockout or transgenic mice. [2] [3] [4] [5] Although these analyses have identified certain factors, such as IL-7, growth hormone, and insulin-like growth factor, which are necessary to sustain thymic function, it is not known if an age-associated depletion of these factors is a primary cause leading to age-related thymic involution or may occur as a secondary effect. More recently, we have analyzed thymic involution using C57BL/6 (B6) and DBA/2 (D2) strains of mice and have shown that at 15 months of age, D2 mice exhibited a dramatically more advanced thymic involution than B6 mice. 6 This advanced involution in D2 mice occurs at multiple levels that include alterations in both T-cell and non-T-cell compartments of the whole thymus. Thus, our previous analyses indicate that the differential thymic involution rate in these two strains of mice is associated with a complex genetic trait.
Classically, involution can be defined in terms of changes in the whole thymus: its weight, its size (volume), and/or the total number of thymocytes. This information is relatively easy to obtain and is informative in that it conforms to the classical definition of the process. However, thymic involution does not occur at a constant rate, [7] [8] [9] and can be considered as a negative growth trajectory, rather than a finite set of measurements. Thus, in order to use a forward genetic approach to identify the genetic basis of thymic involution, it is necessary to define involution accurately, informatively, but more importantly, to use thymus from genetically identical mice within a genetically diversified population of samples to allow repeated measurement of the thymus at different ages.
In the present study, we have combined a mathematical regression analysis and the utilization of a forward genetic approach to identify the major genetic loci influencing the rate of age-related thymic involution in C57BL/6 Â DBA/2 (B Â D) recombinant inbred (RI) mice. We have previously shown that these mice provided a valuable genetic model that will permit resampling of thymuses from genetically identical animals and determination of the relative significance of age-associated changes in the thymus. 10 Our present data show that agerelated thymic involution in parental C57BL/6, DBA/2 as well as in all of the B Â D RI strains can be well fit with a negative exponential regression model. Of equal importance is the utilization of statistical strategies that permit the integration of complex patterns of thymic involution into a single model that can be used for genetic linkage analyses.
Results
Age-related change in thymocyte size in B6 and D2 can be fit with a negative exponential curve We first analyzed the initial thymus size and the thymic involution curve in the parental strains by determining the thymocyte cell count of C57BL/6 (B6) and DBA/2 (D2) mice at various ages ranging from young at 68 days to old at 730 days. We have observed that at young age (2-month-old), the thymocyte count was significantly higher in B6 mice than D2 mice and this number remained higher in B6 strain until 17 months of age ( Figure 1 ). Since our interest is in the number of thymocyte count over time in these mice, we have utilized various regression equations to determine the best curve for these two variables. Our result shows that the rate of thymic involution can be best fit for both strains of mice with a negative exponential curve, which shows the highest correlation R 2 values compared to other regression curves (Table 1 ) and can be defined by N(t) ¼ b 0 exp(Àb 1 t), where N(t) is the total count or number of thymocytes as a function of age in days (t).
For ease of exposition, we use the notation b 0 and b 1 to refer regression coefficients representing the initial thymocyte count and involution rate, respectively. Analysis of the projected b 0 and b 1 in B6 and D2 strains of mice using a negative exponential regression curve shows that B6 mice exhibited a significantly higher initial projected thymocyte count and a lower, but not statistically significant, thymic involution rate than D2 strain of mice (Àb 1 ¼ 0.0041 7 0.0003 and 0.0049 7 0.0008 and b 0 ¼ 29.5 7 1.3 and 15.0 7 1.4 in B6 and D2, respectively). Thus, at any single age, there was a constantly higher thymocyte cell count in B6 mice compared to D2 mice. This result is consistent with our previous finding that D2 mice exhibited a more advanced thymic involution at 15 months of age compared to age-matched B6 strain of mice. 6 Thymocyte cell count in 18 different B Â D RI strains The thymocyte count was obtained from 18 different B Â D RI strains at different ages. To ensure counting accuracy, the total thymocyte count was further compared with the thymus weight and thymus size. There was a positive correlation between the total thymocyte count and thymus weight for the total number of mice measured (R 2 ¼ 0.65, Po0.0001, N ¼ 275) (data not shown). The negative exponential curve was then used to determine the b 0 and b 1 values associated with the initial thymocyte count and thymic involution slope in the B Â D RI strains of mice (Table 2) . Again, as in the case in the parental B6 and D2 strains of mice, the negative exponential curve also provided the best curve fit and significant P-value for the determination of age-related decline in thymocyte count in all of the B Â D RI strains of mice ( Table 2 ). As can be seen in Table 2 , b 0 varied approximately four-fold from approximately a value of 19.6 (B Â D9) to 86.4 (B Â D8). Also, the b 1 value exhibited a five-fold variation ranging from a value of approximately À0.0026 (B Â D19) to À0.0132 (B Â D8).
Quantitative trait loci mapping using negative exponential regression curve analysis of thymocyte count with age Figure 1 Strain-specific variation in the pattern of age-related thymic involution in B6 and D2 mice. Single-cell suspensions prepared from the thymus of B6 (N ¼ 45) and D2 (n ¼ 24) were counted using a hemocytometer. Total thymocyte count was plotted against the age (in days) of each mouse at the time point of killing using a negative exponential regression model. The black square indicates the average results of three thymocyte counts in B6 mice at the indicated time point. The blank circle indicates the average results of three thymocyte counts in D2 mice at the indicated time point. age-dependent thymic involution, and a higher value of b 1 indicates a slow rate of age-dependent thymic involution. The strongest QTL for b 1 was found on chromosome (Chr) 9 with D9Mit20 as the best single marker at 62 cM reaching a linkage likelihood ratio statistics (LRS) value of 8.0 (Figure 2a) . A second strongest QTL for b 1 was found on Chr 10 with D10Mit61 as the best single marker at 32 cM reaching a linkage LRS value of 7.6 ( Figure 2b ). Since there was a wide strain distribution pattern of the b 1 among the various B Â D RI strains that may affect the QTL result, we have used log value of Àb 1 from each strain to reanalyze the QTLs associated with the rate of thymic involution. The results showed that the QTLs remained the same at D9Mit20 and D10Mit61, and that the LRS values were increased to 9.8 and 10.4, respectively, for these two loci. We next tested for epistasis (ie, interaction) by regressing the phenotype on terms for D9Mit20 and D10Mit61. There was no statistical significant evidence for an interactive effect between the two loci. Therefore, although there are apparently at least two loci that can influence the thymic involution rate (b 1 value), there is no statistical effect of epistasis between these two particular loci.
A slower rate of thymic involution is apparently conferred by the B allele at loci D9Mit20 and D10Mit61. Table 3 (left panel) shows that the effects of both of these two loci correlated positively with slow involution in B Â D strains with either initially a small or large thymus. This ranking shows that the top nine strains of mice with the slowest involuting phenotype (a lower level of the Àb 1 value) all exhibited a B allele at both the D10Mit61 and D9Mit20 loci, and that rapid involuting strains, except B Â D12, all exhibited a single locus or both loci with a D genotype. Noticeably, a recombination event occurs in B Â D12 at D9Mit80 (58 cM), resulting in an allele switch from D to B. Comparison of the average of the Àb 1 value in mice with either D or B allele at these two loci shows that there was a significantly higher mean Àb 1 value in mouse strains with a B allele at both loci than strains with a D allele at both loci (mean Àb 1 ( Â 10 4 ) ¼ 37. (Figure 2b) . Therefore, the dual contribution of both of these loci with a B allele is associated with a rapid involution. This is independent of whether the thymi were initially small or large. These results suggest that the B allele at both loci exhibits a positive effect for slow involution. Table 3 . The meanÀb 1 Â 10 4 value from each group of mice with the specific genotype was calculated. A significant P-value (Po0.05) was observed between mouse strains with the B/B genotype and those with the D/D genotype.
The strain with the most rapid involution, B Â D8 (b 1 ( Â À10 4 ) ¼ 132 7 5), has the D allele at both these two loci. There was no significant difference in the rate of involution with B Â D strains (22 and 31) that mismatched for the B allele on Chr 10 (mean b 1 ( Â À10 4 ) ¼ 58.5 7 6.6) compared to the B Â D strains (16, 28, 14, and 24) that mismatched for the B allele at Chr 9 (mean b 1 ( Â À10 4 ) ¼ 56.7 7 4.8). Therefore, the absence of the slow involution B allele at Chr 9 had an equivalent effect as the absence of the slow involution B allele at Chr 10.
QTL mapping of thymocyte count in 2-month-old B Â Ds Since day 0 mice are small in size, the thymocyte count of these mice cannot be used to represent the peak thymocyte count. We therefore calculated the day 60 thymocyte count [N(60)] of each strain based on the negative exponential curve (Table 4) . This also provided a fixed age for the thymocyte count from each strain of mice for mapping of the thymocyte count at young age. The best QTL associated with the N(60) thymocyte count was mapped to mouse Chr X, with DXMit324 (26.5 cM, LRS ¼ 9.7) as the best marker (Figure 3a) . Another locus reaching a linkage suggestive value was D3Mit127 (70.3 cM, LRS ¼ 8.7). The same two loci were mapped when using b 0 value as the quantitative trait (data not shown), suggesting that the b 0 coefficient from the negative exponential regression curve can be used to determine the genetic loci influencing the initial thymocyte count in B Â D RI strains of mice. Again, genetic linkage analysis using the ) and day 60 thymocyte count were obtained as described in Tables 2 and 4 log of the N(60) value to normalize the trait distribution pattern was able to retrieve the same QTLs at DXMit324 and D3Mit127 with an enhanced LRS value at 11.9 and 9.7, respectively. Both D3Mit127 and DXMit324 require the B allele to result in a large thymus at day 60 (Table 3 , right panel). This is consistent with the data obtained from the parental strains that B6 mice exhibited a larger thymus size than D2 strain at young age. The top nine strains of mice, except B Â D8, all exhibited a B allele at these two loci. However, the mismatch of B Â D8 at the Chr 3 locus was associated with a close recombination event at the D3Mit86 (76.2 cM) locus in this strain. Other than the D2 strain (10.8 Â 10 , and B Â D28 (18.9 Â 10 7 ), all of which exhibit the D allele at D3Mit127 and DXMit324. The mean value of N(60) in mice with B/B alleles at these two loci was 33.1 7 1.9, which is significantly higher than that in strains of mice with D/D alleles at these two loci (15.7 7 1.8) (Po0.01, Figure 3b ). There was no statistical difference in the mean value of N(60) in strains with either a D/B allele distribution or a B/D allele distribution at D3Mit127 and DXMit324 loci (Figure 3b ).
Discussion
Several mutations have been identified in mice that affect thymic size and development including the SCID mice (Prkdc scid ), which have a mutation of the protein kinase DNA-activated catalytic polypeptide at Chr 16 (9.2 cM), and nude mice (Foxn1 nu ), which have a defect in the forkhead box N1 gene at Chr 11 (45 cM). However, unlike the naturally occurring age-related thymic involution, the thymus is almost totally absent in both of these strains of mice. 11 Noticeably, the size of heterozygote nude mice is highly dependent on the strain background, suggesting that the regulation of thymus size is controlled by a complex trait. The only mutation that affects thymus size and has been reported to be close to our mapped position is small thymus (Sty) on Chr 9, 40 cM. 12 One difficulty associated with the genetic determination of age-related thymic involution is to determine whether the change of an observed gene is the cause or an effect. It has been proposed that IL-7 is a critical factor B6, D2, F1, and B Â D RI mice were killed at different ages ranging from 32-to 730-day-old. Total thymocytes from each mouse were counted as described in Materials and methods. The total thymocyte count was plotted against the age of each strain using a negative exponential curve defined as N(t)=b 0 exp(Àb 1 t). The projected thymocyte count at the indicated age (days) and at day 60 of each strain is listed in columns 3 and 4, respectively (NZ3 per strain). associated with thymic involution. 13, 14 However, a recent longitudinal study by Ortman et al 15 showed that, in BALB/c mice, the natural decline of IL-7 in the thymus with age is more likely the secondary mechanism of thymic involution, since decline of this gene occurs much later than the decline of newly generated thymocytes. Similarly, the effect of hormones, such as corticosteroid, has been considered as one major mechanism that can lead to thymic involution. However, a previous study by Jones et al 16 showed that the B6 strain, although exhibited an initial larger thymus size and slower thymic involution rate than the D2 strain, was more susceptible to corticosteroid-induced reduction in thymus weight. Therefore, thymic involution may not necessarily be predicted by serologic measurement of hormones.
Another difficulty associated with the genetic analysis of thymic involution is that the initial thymus size may affect determination of the thymic involution rate. That is, although these two traits may be independent of each other, the initial size may confound the ability to determine the involution rate, if one simply determines and compares the thymocyte count in young and old mice. Our study clearly demonstrated this concept, since all B Â D RI strains and the parental B6 and D2 strains have varied initial thymocyte count and thymic involution rate and the initial thymocyte count does not necessarily correlate with the thymocyte count at older age. Therefore, for the present studies, in order to present thymic involution as a functional alteration with age, we have applied a mathematical model to generate a quantitative trait that can best be used to represent the change of thymus over time. This type of approach has been used to obtain the QTLs for growth-or other agerelated traits, [17] [18] [19] [20] but has not been applied to determine the QTLs influencing age-related thymic involution. Our results suggest that the best mathematical model to represent the age-related thymic involution curve in parental and B Â D RI strains was the equation N(t) ¼ b 0 exp(Àb 1 t) where N(t) is the total count of thymocyte number as a function of age and days (t). The negative exponential curve has previously been described as the best curve to fit thymic involution in humans 8 and ICR mice, 7 and age-related changes in other biological variables. 21, 22 We have also applied this age-related change in thymocyte count in BALB/c mice data published by Sempowski et al 23 and found that this is also the best curve fit model for total thymocyte count (R 2 ¼ 0.943, P ¼ 0.001).
The application of the negative exponential curve model gave us a strategy to quantitate an age-dependent trait, in this case, the thymic involution, in B Â D RI mice. Based on the initial size and curve fit, we were able to characterize the initial thymocyte count and the agedependent change of this variable. Both the phenotype measurement and the QTL analysis suggest that there are at least two groups of genes regulating the thymocyte count in B Â D RI strains of mice at different ages. The first group of genes influences the initial thymocyte count [b 0 or N(60)] and the second group of gene affects the slope (b 1 ) of thymic involution as a function of age.
The QTL analysis suggests that the locus at Chr X, 26.5 cM region and Chr 3, 70.3 cM region may exhibit a strong genetic effect on the initial thymocyte count. The region at Chr X is especially interesting since previous investigators have shown that this region contains many QTLs that are related to the regulation of the size of the entire body 24, 25 or the weight of individual organs including liver, heart, and kidney, especially in mice at young age. 26, 27 The possible role of the X chromosome in regulation of thymus size is also implicated by previous results by Jones et al 16 who reported a larger thymus in female, but not male, B6 mice compared to D2 mice. A region proximal to our mapped Chr 3 QTL has also been reported to be related to the regulation of body weight. 28 It is possible that loci at both Chr 3 and X contain genes that are associated with cell growth and differentiation, including genes regulating thymus size and cell count at young age. Our finding that loci at D9Mit20 and D10Mit61 may regulate the rate of age-related thymic atrophy is consistent with several other observations. Havelkova et al 29 have reported that a QTL mapped to a region very close to our QTL Chr 9 (61 cM) region is associated with differential T-cell response to anti-CD3. We have previously identified that the thymocytes proliferative response to anti-CD3 stimulation was significantly lower at young and old age in parental D2 mice compared to B6 mice. 6 Consistent with this, previous mapped QTLs close to our mapped Chr 10 region were mostly associated with immune regulation 30 and development of autoimmune diseases, 31, 32 with two recent reports indicating that proximal to this region at Chr 10, 35 cM contains a QTL that is associated with agerelated tumor suppression and the regulation of lifespan in mice. 33, 34 Thus, although we do not rule out the possibility that regulation of the value of thymic involution can be affected by the hormonal effects, at least in the B6, D2, and B Â D RI strains of mice, the development and regulation of T-cell response may be more important in influencing the thymic involution rate. The role of intrathymic development in autoimmune disease has been firmly established [35] [36] [37] and we propose that the genetic effect of Chr 10 on autoimmune disease may be related to intrathymic T-cell development.
It has been debated if thymic involution occurs to 'conserve resources' that become more precious at older age, and if the peripheral T-cell repertoire has been established and perhaps the thymus functions best with only minimal function. 38 This is not to say that the thymus should have no function at old age. We have recently observed that thymic involution is associated with the loss of CD3 bright cortical thymocytes and that the loss of CD3 bright cortical thymocytes is associated with a loss of spleen T-cell proliferative response to anti-CD3 in 22-month old B Â D RI strains of mice (Hsu et al, unpublished data). We have concomitantly observed that, at 12 months of age, the female B Â D RI strains with a slow rate of thymic involution also exhibited low tumor growth followed by regression of the tumor and an increased production of IFN-g in response to the TS/A breast tumor cells. 39 These results therefore suggest that identification of the genetic loci influencing the onset and rate of age-related thymic involution may be relevant to age-related immune defects and other associated diseases, such as cancer. We are currently analyzing the gene expression data and establishing F2 and congenic mice to narrow down the intervals of the QTL mapping results. 
Materials and methods

Mice
Harvest of thymus
At different time intervals, from 32 to 730 days, 3-4 mice at each time point from each of the B Â D RI strains, as well as B6 and D2 and (B6 Â D2)F1 were killed and the thymuses were removed, photographed using a Nikon Cool PIX990 digital camera (Nikon, Japan), and weighed. After a single-cell suspension was prepared, the mean thymocyte count of each mouse was determined using a hemocytometer.
Thymic involution curve
Regression and statistical analyses were performed using the SPSS statistical package (version 11.0.1; SPSS Inc., Chicago, IL, USA). Different equations, including a linear, logarithmic, inverse, quadratic, cubic, power, S curve, and exponential curve, were used to fit to the data and select the functional form that, across all strains, yields the best value of Akaike's information criterion (AIC), 40 a well-known measure of model fit relative to model parsimony. In the case when a simple linear regression analysis was used, the 95% confidence interval for each straight line regression was determined and was shown as two dotted lines for each regression analysis. A P-value of less than 0.05 was considered where two parameters are statistically correlated to indicate a statistically significant difference or correlation. Three to four mice were used in each strain per age group. Values were expressed as the mean 7 standard error of the mean (s.e.m.) of mice used in each group.
QTL analysis
The values were analyzed using the software programs MapManager QTX (KF Manley, mapmgr@mcbio. med.-buffalo.edu, Buffalo, NY, USA) and WebQTL (http:// webqtl.roswellpark.org) to conduct a genome-wide search for mapping QTLs. 41, 42 In this case, the user is not required to discriminate between 'B' and 'D' phenotypes. Rather, the quantitative phenotypic data for each RI strain serve as the starting point for analysis. This results in statistics that are essentially two-tailed, more conservative than may be warranted in some situations with extreme differences between parental lines. Irrespective of the complexity, the strategy for mapping is to discover the most similar, if not identical, SDP from the large list of genotypes mapped in B Â D strains. A concordance between a phenotypic SDP and an existing genotypic SDP (map location) indicates the presence of a QTL at or near that location contributing to the phenotype. However, because of the limited number of B Â D strains available, the number of SDPs to be compared, and consequently the complexity of testing required to establish concordance, a close match in SDPs may occur by chance. 43, 44 As with all statistical comparisons, it is necessary to make a calculation of the probability that the observed result was a false positive. We therefore have calculated the genome-wide probability of obtaining the observed linkages by random chance corresponding to an error threshold of P ¼ 0.05, that is, one chance in 20 of such a false-positive error. We did this using a nonparametric permutation method developed by Churchill and Doerge, 44 which is implemented in the Map Manager QTX software and WebQTL software.
Interval mapping A subroutine of the Map Manager QTX software, using computationally efficient regression equations, has been used for mapping the QTLs. 41, 42, 44, 45 The probability of linkage between our trait (thymocyte count) and previously mapped genotypes was estimated at 1 cM intervals along the entire genome, except for the Y chromosome. The statistical power of linkage of the phenotype to individual genotypes (pointwise linkage statistics) that attained values of between 0.0001 and 0.00002 was considered to have reached a level of genome-wide statistical significance. Linkages approximating that level are deemed 'suggestive' and are worthy of reporting, although confirmation of linkage is required. 44 To establish criteria for suggestive and significant linkage, a permutation test is performed using MapManager QTX (42000 permutations at 1 cM intervals). 44 This test compares the peak LRS score obtained for a given data set with the peak LRS obtained for 1000 random permutations of the same data set. The latest iteration of Map Manager allowed us to apply a weighted least-squares regression model, which resulted in a greater power and precision in mapping QTLs.
The B Â D genotype database
The current mapping data files for B Â D RI strains were generated by Williams et al 46, 47 and Taylor et al. 48 The set of B Â D genotypes consists of 938 microsatellite loci with a genetic map length of approximately 2500 cM. This set was downloaded from http://nervenet.org. All loci with redundant strain distribution patterns were purged, leaving a final B Â D set of approximately 620 nonredundant markers. The mouse genome information was obtained from the Jackson Laboratory Mouse Genome Informatics website (http://www.jax.org).
